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What to compensate?

« Beam-beam interaction in the Tev leads to
— Pbar losses at injection energy 150 GeV
* 15% =2 3%
* Long-range BB
— Pbar losses on ramp
e 5-10%
* Long-range BB
— Pbar and proton losses during LB squeeze

* 1-3% for pbars , of the order of 1% for protons
* Long-range BB

— Pbar and proton emittance growth in collisions
e Vary from 1 to 20 pi mm mrad/hr for pbars (1/10" for p’s)
* Head-on and Long-range

— High proton and pbar losses (poor lifetime) in stores
 Can be as small as 20 hrs for both beams = detector bckgrnd
« Head-on and Long-range
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Beam-Beam in Tevatron: Overview
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Beam-beam Interaction As Major Factor

* Pbar transfer efficiency strongly depends on N_p, helix separation,
orbits, tunes, coupling, chromaticity and beam emittances at injection
« Summary of progress with beam-beam since March 2002:

Mar02 *  Oct'02 ** Jan’03*  Mar03 #

Protons/bunch 140e9 170e9 180e9 205e9
Pbar loss at 150 GeV 20% 9% 4% 4%
Pbar loss on ramp 14% 8% 12% 11%
Pbar loss in squeeze 22% 5% 3% 2%
Tev efficiency Inj>low beta 54% 75% 75% 80%
Efficiency AA 2low beta 32% 60% 62% 64%

* average in stores #1120-1128 ** average in stores #1832-1845

# average in stores #2114-2153 (9 stores) ## average in stores #2315-2361
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Beam-Beam Effects in Collisions
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 pbar bunches near abort gaps have better emittances and live longer

* emittances of other bunches are being blown up to 40% over the first 2
hours — see scallops over the bunch trains (small anti-scallops for protons)
* the effect 1s (and should be) tune dependent - see on the right

* recently, serious effects of pbars on protons — completely unexpected
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Tevatron Working Points

 with current parameters

N p=210e9/bunch ,
emittance ~ 20 pmmmrad

Head-on tuneshift is
X~ 0.012

Bunch-by-bunch tune

spread
dQ ~ 0.003-0.004

B-B dynamics dominated
by 5%, 7t and 12% order
resonances
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XL.Zhang, M.Xiao
K.Bishoberger,

Beam-Beam Effects: Losses (@ HEP

Q Antiproton Loss Rate: available dQ < 0.006 Q  Proton Loss Rate: available dQ < 0.012  v-shitsey
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* At the beginning of the store available WP area 1s even smaller dQ < 0.004 ...
and this 1s at N p=180¢e9

« No available tune WP space expected above 240e9
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Long-range B-B Seen by SyncLite Monitor
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How to Deal with Beam-Beam?

* On-going activities:
— “Better”’(~larger) beam separation

 open aperture, optics, add/improve separators
 against Long-range BB

— Beam-Beam Compensation with electron lenses
 provide variable tune shifts and tune spread in bunches

 against Long-range and Head-On BB

* Under consideration:
— Add 6 proton bunches = 42x36 scenario

« against Long-range BB in collisions
* make worse at 150 GeV, ramp, squeeze; faster kicker

— Wire Compensation
 against Long-range BB
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Beam-Beam Compensation with TELS

Yu.Alexahin
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TEL-1: installed Mar.1, 2001
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Tevatron Electron Lens 1in the Tevatron

Tunnel sector F4

e
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Electron Beam in Main Solenoid

« “falt” e-current density distribution +-5% over 3.4 mm diameter

Electron Beam Profile in 35 kG magnetic Field
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DE

Tuneshift dQ, , =+0.009 by TEL
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« Three bunches in the Tevaytron, TEL acts on one of them
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TEL : tuneshift as predicted
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TEL : short pulses, bunch-by-bunch
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TEL : tuneshift vs e-position
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BBC : flat beam =2 lifetime limited

Losses and Tuneshift vs TEL Peak Current
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Beam Sizes (mm, dFI/P)

BBC: flat beam =2 “donut collimator”

Proton Beam Sizes vs Time
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Gaussian Gun for TEL
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Current thru pin-hole, microAmps

Gaussian Gun for TEL — 11

One-Dimensional Beam Current Profile from "Gaussian Gun"
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Lifetime vs WP with dQg;~0.004
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Lifetime vs WP with dQg;~0.004

Flat e-beam Gaussian e-beam
T [
0.586 T
( T -
0.582 -
- 7 -.
S 0.578 -
a e
O
T 05741 -
)
o
0570 — — < \\ ]
0.566 - | | | | B | | | ik\[ O| |
o <r 28] N (o] Q B 00 N «© (] <
I~ I~ M~ e8] e8] [~ [~ P~ (o8] (o8] (@) (@)
Ly Ly Lp] (Ip) [y Kg) L) w0 (Ie] D [p) Iy
o o o o o o o o o o o o

horizontal tune

horizontal tune

140 hrs

120 hrs

100 hrs

80 hrs

60 hrs

40 hrs

20 hrs

0 hrs

V.Shiltsev - FNAL/Tevatron

LARP Instr Mtg - May 9,2003

23



Beam-Beam Compensation - 111

Hor Emittance Growth , 7/ mm mrad/ hr
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E-Current fluctuations, mA peak-to-peak

eV proton ds:/ dt vs TEL current fluctuations + TEL e-current turn-by-

turn noise amplitude
dJ e ~3-5mA p-p
while operating for BBC
with dQ > 0.005
= 0.1-0.2 p/hr

That 1s less though
comparable with
“natural” emittance

growth of 0.2-0.5 p/hr

—> we plan to consider
possibilities for dJ e
and dX e stabilization
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Compensation with TEL(s)

e Status:
— max dQ~0.009 tuneshift achieved

— p(bar) lifetime deterioration proved to be due N-L
B-B on e-beam edges (soft collimator)

— after installation of Gaussian e-gun, p-beam lifetime of
~160hrs has been achieved (compare with 40 hrs 1n stores)

— TEL 1s used 1n stores (though not always) and so far with dQ
~0.004 did cause neither any harm ©, nor any good ;-(

— the second TEL 1s under construction but the BBC 1s not the
major motivation (spare for DC beam removal)

* Work to do:
— Continue to explore BBC at 150, ramp, LB for both pbar and p
— wider e-beam, BPM upgrade to center better
— better beam current and position stabilization
— new HV pulser (~ 15kV 1instead of 7kV, shorter pulse)

V.Shiltsev - FNAL/Tevatron LARP Instr Mtg - May 9,2003 25



TEL acting on A28-29 in HEP store
#2490 A_Dr 24 2003

Tek Run Trlgn:l
)
AT 4 S £ 1 415.6mv
::::::::::::::::::::::::::::;::::;::::;::::;::::' Ch3 Max
i : : : : 1 220.5mV
Ch2| Toomy ﬁqm|z UU]...l5| A| Ext 7 1QUmA|
Ch3[ 100mv | 30 Apr 2003
i1+7[8.20000Ms | 04:08:23

V.Shiltsev - FNAL/Tevatron LARP Instr Mtg - May 9,2003 26



TEL as BBC Device in 2003

Wed Z2E-APR-G3 Ba:38 Fri=o

Original 1dea was to use
the Tel on few pbar
bunches and shift their
RN vert tune by — (0.001-
0.002) to reduce their V-

C:LOSTR

LiLhstrs emittance blowup in the

T:SHFUWE

first 20 min after “initiate

collisions”

Unfortunately (for us)
operators shifted the tune
by -.001 for all pbar
bunches and scallops
gone

TEL was ON A28-29 in 4
stores — no damage =2
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Does 1t do anything at all? — Oh, yeah!

Tek Run |4 ~ Trig'd o
e p————y sy gy
4 ' i ' '
I¥ | : : : : Ch3 Max
SN U B 71T 1 80.13my
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153.4mv
M[1.00us A Ext 5 190mA
i€ 20.0mVY |[Ch4] 100mV 27 Apr 2003
Refl [ 100mV 1.00ps |1+ 7[22.4800ps | 02:09:43
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A28-29 killed by faulty TEL triggering
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Wire Compensation

 Just started (after DoE Review Nov’02)
— resonance strength analysis (T.Sen, B.Erdely1)
— practical considerations (T.Sen, V.Shiltsev)

* So far wires look challenging but promising
— Scale of the problem:

% — Ik pRpk
J,*L =2%e*c Np(total)ﬂ\’wi,,es
— That gives 232A*m for N p=9720e9 and N wires=4
— Wires to be withing 10 mm from pbars
— Not in a single location (~4), some preferred

— ~(4-7) wires at each location (to compensate relevant
resonances)

 Plan: continue theory studies =2 start design
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Wire Compensation - 1
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Wire Compensation - 11

Multipole components
o
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Wire Compensation - 111

T.Sen

B.Erdelyi

Res. Str.
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Back-Up Shdes
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Beam-Beam Effects: Pbar Only

Antiproton Only Store: 1% loss on ramp, t,..=20 hrs, 14,,~=160 hrs
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Beam-Beam Effects: Antiprotons Suffer

Out of Loss Loss Pbars
ST N_p, AA, Loss at on in atlow- L, e30
e9 150
mA ramp @ squeeze beta
Mar’02 5100 90 20% 14% 22% 251 9.4
1303 6070 103 16.4% | 11.6% 3% 476 19.5

1289 6990 105 18% 20% 11% 387 19.6

Oct’02 6430 132 9% 8.3% 5% 790 324

Pbar intensity lifetime at low-beta is 15 to 50 hrs (50-70 due to luminosity)
Pbar emittance lifetime at low-beta 1s 10 to 40 hrs
Some effects are seen in protons (see below)
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Beam-Beam (@ Injection vs Emittance
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Beam-Beam (@ Injection vs Emittance
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Beam-Beam (@ Injection: Bunch-by-Bunch

Pbar Lifetime at 150 GeV for Store 1775
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Beam-Beam Effects at 980 GeV

 Suffered 10-20% pbar loss during squeeze
— During transition from 1njection to collision helix
— Minimum beam separation was only ~1.8c
— New helix increased min beam separation to ~3c
— Pbar loss during essentially eliminated

e ® lifetime = 9-10 hrs in first two hours of store

— Increase helix separation to reduce long-range beam-
beam effects? (72 “parasitic” crossings)

— Pbar tune shift depends position in train = optimize
tunes for most bunches

— Use electron lens to compensate pbar tune shifts
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Pbar Emittances: The First 10 Minutes

& Tev Atray Display
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Beam-Beam Effects in Protons
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See losses in squeeze in store
#1868

—  Losses of bunches #12,24,36
were small (1e9/min)

—  All other bunches lost
intensity very fast (4e9/min)

—  That resulted in quench at
All

We have small “anti-scallop”
(“smile”) effect in proton
emittances at HEP

— Bunches
#1,12,13,24,25,36 have
1-2 pi larger emittances
than others after being 1-
few hours in collisions

— Their intensity lifetime is
smaller, too

Antiprotons also help to make
protonbeam more stable on
ramp and squeese

— Proton instability is
rarely observed in 36x36
stores compared to the
same intensity 36x0
stores

—  Tune spread due to
pbars is about (few)e-4
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Proton Losses While Cogging Pbars
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Gaussian Gun for TEL

USAI v1.2 24-87-2002 15:42 v17at_2an_gauss @ M- TIUNOV

NIT=20  Profile controlled
Rnm ) ‘ ' ' " Unin(keV)=[0.528 [ .
6 =115t /] by special
JM(A7cn¥*2)=(4, 468
ALFA(MRAD )= electrode
20 | UTMAK V2= 2N
FRaR G e Somewhat
Z1(mn )=[18.
R2(om )1 reduced current
15 Z2(mn )={18. . .
' " density in the
center = need of
18 | higher voltage
3 ( J  Under fabrication
5 e To be installed in
WSS NS SR
o R = J an’ 03 ShUtdOWH
TRV N N N N N N
H T
@ 1 il IR T i &
5 0 5 0 FRERR

V.Shiltsev - FNAL/Tevatron LARP Instr Mtg - May 9,2003 44



TEL as the DC Beam Cleaner

Phenomenon not yet understood causing beam to leak out
of RF buckets

At the end of store there 1s anough of the DC beam in the

abort gap to cause quench on abort , >6x10° or ~0.1% of
Ntotal

e-beam placed to edge the p-orbit helix
Fire TEL 1n 3 gaps every 7 turns to excite resonance
TEL is equivalent to 100kW “tickler” (vs S0W in Q-mtr)

TEL reduces DC beam intensity and eliminates spikes in
the CDF losses

currently TEL is operational: now it 1s turned ON early
into each store, then OFF after store terminated (no TEL
at injection as the DC beam 1s not a problem there)

When needed, TEL 1s used for p/pbar bunch removal
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Removing DC beam with TEL

- FTP ¥5.29 Console & SC Thu 24-JAN-B2 @2:11 Fri=o
T ' DC beam loss 6e9 ' !
5195 o V.Shiltsev, X.L.Zhang
3.5 Loss rate
15000 at BO IP
TiL1COLI e ‘
B
C:FEIPNG  1EBS DC beam
3 intensity
16080 r B |
5125
01 HZ » Bunched beam
1 HZ . .
1 HZ intensity
01 HZ. » , [
I
.075
SEEE |
5168
TEL on —
TEL current
5 < 2200 sec -
S'BS A 558 1108 1650 zean
5875
Seconds OMCE + engineering units
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Beam Loss on Ramp

SHER Store #1808 Tue B1-0CT-2BE2 17:37:57 . ..
o — e (Intensities are zero-
: L Ener
cirniens o st ay N suppressed)
([ ]
| e at the very begmmng
RS T — : 'I of the ramp DC beam is
g2Ea
lost (some 2-3% 1in both
: i : 10%
s e WM Pbar intensity p and pbars, depends on
ces i I injected  longitudinal
T:ERIHG SEE M W \'. .
e e emittance)
. MMMMWW ethen  we  have
3e N plai—r  significant beam loss on
488 .
)& Store #1808 ramp which — at smaller
] ,
oo et rate — continues at flat
S48 .
~ top and 1n squeeze
gaa / R e p b qh .
6 minutes  Yotal beam DCCT *For pbars, t. € reason 1s
coon € »| beam-beam interaction
gag 17106108 12187216808 17:@3: 60 172189108 17118108 17211108 1?:lE=EIEI.F0r prOtonS = ? 9
. Tl = WMon Sep 360 17:8&6:868 2062 T2 = Mon Sep 38 17:12:68 28A2
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Proton Loss on Ramp

Transmission Losses of Protons Only

100 I I I I I I 1 I
. W.Fischer, F.Schmidt, T.Sen
o8 I o R% = 0.83 .
9 | .
B‘ *a
5
B T 1
e
M
o = i
2
90 .
.
88 ~ .
86 1 1 | 1 1 1 1
1 1.5 2 2.5 3 3.5 4 4.5 5

Bunch length before ramp [nsec]

 ramp efficiency also anticorrelates with N_p, vertical emittance and DI-emittance
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Proton Loss on Ramp vs Emittance

100 1 | 1 1 1 | 1 .
W.Fischer,
= 5 F.Schmidt,
98 E R"=0.54 ] T.Sen
96 .
g 94 [~ -
i
M @ =
=8 n -
a2 = cl
90 = t oA .
S - i
0
88 m .
86 | 1 1 1 1 1 1
12 14 16 18 20 22 24 26 28
Ver. emittance before ramp [t mm-mrad]
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“Sequence 137 Affects Luminosity

Luminosity vs proton intensity for stores 990-1023
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Pbar Loss During Squeeze (“Sequence 13”)

- GXPC 1: b . | -] = GxPC1: iy . | -]
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Saea e
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18 21
5.73185 F.23145

3706 3758

236,346 S92, 463
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T: IEEANM 1E12 T:IEEAN 1E12
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Yu.Alexahin, M.Martens
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> 109 i —_— _
353450 10% loss @ min-___| v | beam separation
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i1 HE 2 ///// —1a [ HE —————a
1] Hz 3 (58 Hz 3
] Hz 2 =] Hz
e Low B quad current e /_/
?.9173 ~ 2.41848
1258 1258

78,782 184,154
v>< 140 sec
|

h 2 \/

a 35 78 183 14a

=

35 8 183 14a

N
L]

Seconds REPEAT 0O EYEHWT CS5 engineering units Seconds REPEAT 0OM EYEMT C3 engineering units

*Suffered 10-20% pbar loss during squeeze
—During transition from injection to collision helix
—Minimum beam separation was only ~1.8c
—New helix increased min beam separation to ~3c, loss essentially eliminated
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Beam-Beam Effects in Squeeze

Yu.A
oS!

M50 5 25 25 5 7‘.5‘ t5 .4 2
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lexahin .

‘ Wahzed
5 separations Ax/c

ra
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| 2 2 4 % 6, T84 8 28
+
*

L] *
2 “ Lo 25
14

t=04 t=10.7

2
SE.

Minimum  beam-
beam  separation
turned out to be
only 1.8c

Ay/c —, _at _aﬁ
ossible’ IPs with
6x36  collision
cogging 1n sigma’s
for the reference
emittance ¢ =157
mm-mrad. t = 0 —
seql3,t=1-seql4
(see plots)

The separation has
been increased to
2.7c by adding 2
more breakpoints,
also speed of the
squeeze doubled there
and the loss gone
Lesson — only
minimum separation
matters

V.Shiltsev - FNAL/Tevatron

LARP Instr Mtg - May 9,2003

52



Lifetime Issues at 150 GeV

* LR beam-beam effects poor
s pbar lifetime 0.3-1 hr
— Pbar lifetime depends on
Rratons emittances, N _ppand
1axd3 bunch number
- — Original injection helix

1

Sigma has%)ee_n modified,
separation increased and
optimized to fit tight CO
aperture (“new-new
helix™)
Iégplace. laansbertsons @

— gain 25 mm
1and3 Vertic%dly
s — Modify high B section at
gra A0 for}rlner y Esed for
fixed-target extraction

e Poor proton lifetime on helix
~2 hr

— depends on chromaticity

— Instability prevents lower
Y chromaticity (now 8)

ww g1-¢| ainjade [eoIdA
|
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@

, 1/hr

/dt/N
pbar

pbar

Pbar loss rate dN

Proton Beam as ‘“‘Soft Donut Collimator”

150 GeV Proton
4-0 A e e ................ ................... .................. ................. ................ ................ bunCheS
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(&) ]
1 ! 1
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L L Lt r Lt rE e B R S TT LT
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_ ; | 5 | _ | 5 ~ *pbar losses strongly
................. ~ depend on pbar emittances
’ ’ ’ ‘ 5 | ’ ~andN p

ha
o
1

—
(&) |
! 1

* measures taken to reduce
emittances:

—
o
! 1

estimated .
_______________ \ - AA “shot lattice”

o
&)
l A

- fix injection errors (BLT)

=
o

5 10 15 20 25 30 35 40
Average Emittance(H+V)/2, r mm mrad

o

- match 1njection lines

- tuneup 1njection kickers
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Pbar Losses vs Emittance/Helix Size

Pbar Lifetime at Inj vs Emittance: Store-to-Store  * expected TOAL)

Pbar intensity lifetime, hrs
> on

o
on

— e next steps — to increase beam-beam

stores #1795-1888

data, hrs

separation (helix size):

— —fitl/enm™3/2 | _ C0 aperture: ~30% in A @150
....................................... — fit 1/emm 3

—Replace lambertsons @ CO —

gain 25 mm vertically

— that will allow some 30%
larger sepration around the ring
until the next aperture restriction
(FO, A0, BO, DO, EO)

- A lattice: ~16%? in A @150&LB
| —Modify high B section at A0

formerly used for fixed-target
extraction

0 15 20

25

30

Average Emittance(H+V)/2, = mm mrad
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Beam-Beam Effects Now: Injection

Pbar Lifetime at 150 GeV for Store 1775

4. 0_ .......... grsss s quaneens e o [ 1st and 2nd
[ ¢ Transfer (Pre-Cogq)
3_5__..,....._ ....... g N W— | @ After 1st Cogging
AT |1 T i 3 5 After 2nd Cogging

90 e S

e e e KN

1.0 )i B L

Intensity lifetime, hrs

0.5 .- ............. T ......

oo+ -+ ¢+ 0 0 S
0O 4 8 12 16 20 24 28 32 36

Bunch Number
« Loss depends on N _p, separation, aperture, emittances, dp/p, tunes and C v,h

* Scaling not determined yet — to be done ASAP
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Beam-Beam: Bunch-by-Bunch
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At the beginning of
the store
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Proton Losses While Cogging Pbars
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Beam-Beam Effects in Protons
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Bunches

B3:80: 80

“See losses In squeeze 1n store #1868
Losses of bunches #12,24,36 were small
(1€9/min)

All other bunches lost intensity very fast
(4e9/min)

That resulted in quench at Al11

We have small “anti-scallop” (“smile™)
effect in proton emittances at HEP

Bunches #1,12,13,24,25,36 have 1-2
p1 larger emittances than others after
being 1-few hours in collisions

Their intensity lifetime is smaller,
too

Antiprotons also help to make
protonbeam more stable on ramp and
squeese

— Proton instability is rarely observed
in 36x36 stores compared to the
same intensity 36x0 stores

Tune spread due to pbars is about
(few)e-4
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Add 6 Proton Bunches

0.595 . “\\

0.590

0.585 ]

0.580

0.575

Yu.Alexahin
0.585 0.590 0.595 0.600 0.605 0.610

= N_p/bunch

200

0.600|

180+
' 160-
140:
120-
100—-

80 4

60 4
40 4

20 1

I Existing bunches
Bl Bunches to add

TR | T~

0.585 0.590 0.595 0.600 0.605‘ 0.610

10 20 30
Time/396 ns

« Will help at HEP only — reduce pbar bunch tune spread
« Will make beam-beam worse at 150 GeV, ramp, squeeze; faster kicker
« Plan: consider details and, perhaps, perform beam studies

50
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tuneY

Beam-Beam Compensation with TEL

Lifetime scan with TEL ON, dQ=0.004

0.588
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0.584
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0.580
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0.576
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0.5724

0.570
0.572
0.574
0.576

0.578

0.580

tuneX

0.582-1

0.586

3002:0828 TEL e-current noises

1hr

10hr o

| 100hrs®

are small

bar) lifetime
1Pe(5uct1)on due to TEL
comes from non-
linear beam-beam
effects - “donut
collimator”

Lifetime at good WPs
1s about 100 hrs
e-beam positioning 1s
important

Smoother edge e-

beam is needed =
Gaussian gun

Gun and magnets to
be modified in Jan’03
shutdown

Wire compensation? —
to be considered in’03
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